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Abstract 
In the future, thin (<100um) crystalline silicon (c-Si) solar cells based on amorphous heterostructures (a-Si:H /c-Si) 
are likely to become an essential branch of wafer-based photovoltaic industry. Within this thin technology, the 
surface passivation will have a larger influence on effective minority charge carrier lifetime, therefore an accurate 
analysis of the a-Si:H/c-Si interface is paramount to achieve high efficiencies. In this paper we studied an in-situ 
hydrogen (H2) plasma pretreatment before a-Si:H deposition, obtaining a surface recombination velocity (Srec) of 
3.8±1.0cm/s at 1x1015 minority charge carriers/cm3 on moderately-doped n-type <100> silicon wafers and, therefore, 
we show a significant drop compared to the reference value (6.9±1.4cm/s). The trend is related to a change in surface 
hydrogen configuration toward lower hydrides (from SiH3 to SiH2 and SiH) and, thus, it indicates an atomic 
reconstruction more suited for the growth of a-Si:H(i) passivating layer. However, if the treatment is extended above 
an optimum time, the Srec increases abruptly above 10cm/s which suggests the introduction of defects. These effects 
are explained by hydrogen-induced reactions on the c-Si surface during the H2 pretreatment. The exposure to H2 
plasma improves surface passivation without relevant modifications in the a-Si:H deposition process itself: hence, it 
represents an interesting option to be implemented in future heterojunction solar cells.  
 
© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of the scientific 
committee of the SiliconPV 2012 conference 
 
Keywords: surface passivation; amorphous silicon ; hydrogen plasma 
 
* Corresponding author. Tel:  Tel 0032 16 28 10 95 
E-mail address: stefano.granata@imec.be 
Vailable online at www.sciencedirect.com
 2012 Published by Elsevier Ltd. Sel ction a d peer-revi w under r sponsibility of the scientifi c committee of 
the SiliconPV 2012 conference. Open acc ss under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
 S. N. Granata et al. /  Energy Procedia  27 ( 2012 )  412 – 418 413
1. Introduction 
The combination of thin layers of intrinsic and doped hydrogenated amorphous silicon with a 
crystalline substrate of opposite polarity (i.e. a-Si:H(i/p+) / c-Si(n) ) generates a pn heterojunction leading 
to open circuit voltages (Voc) above 700mV [1]. This value is achieved thanks to the excellent passivation 
afforded by the thin intrinsic a-Si:H(i) layer on crystalline silicon (c-Si),  which provides an effective 
minority charge carrier lifetime (τeff) as high as 11.2ms [2] and still allows charge extraction. 
While τeff indicates an effective value, the sole surface passivation can be quantified through surface 
recombination velocity (Srec) and can reach values below 1cm/s for optimal treatment [3]. In case of the 
device-relevant a-Si:H structures, surface passivation depends on several factors, such as thickness and 
quality of the a-Si:H film [4] and surface termination of c-Si [5]. The former depends almost exclusively 
on process conditions [6] while the latter acts indirectly on the bonding of SiH precursors to the substrate 
during film deposition. Indeed, a-Si:H films grow by progressive replacement of Si-H, weak Si-Si or Si 
dangling bonds with Si-SiHx (x<4) strong bonds [7]. If atoms other than H and Si are bonded on the c-Si 
surface (e.g.-O) these reactions are prevented and surface passivation is less efficient [1]. 
In this paper we focus on the treatment of the c-Si surface before a-Si:H(i) deposition and investigate 
the influence of an in-situ hydrogen plasma (H2) on surface passivation as a function of exposure time.  
First, we study the effect of H2 plasma on Srec by means of Quasi-Steady State Photconductance (QSSPC). 
Secondly, we describe the modification in hydrogen configuration in the c-Si surface and a-Si:H/c-Si 
interface region with the help of Fourier Transform Infrared Spectroscopy in Attenuated Total Reflectance 
mode (ATR-FTIR). We identified the main reactions occurring during H2 treatment and correlate the 
chemical modifications at the a-Si:H/c-Si interface with the evolution of Srec.  
2. Experimental method 
The substrates used in this study are 280μm-thick n-type <100> optically-polished FZ silicon wafers. 
Their resistivity ranges between 1.5 Ωcm  and 2.5 Ωcm and their nominal bulk lifetime (τbulk) is higher 
than 7ms. This high-quality material helps extracting surface effects (τsurf )  from effective lifetime (τeff) 
measurements. 
All samples have been cleaned by a standard 2-step clean and rinse, consisting of self-heating piranha 
solution at 75ºC  (10min, H2SO4:H2O2 4:1) and diluted HF (2min,  HF:HCl:H20 1:1:20). The cleaning was 
followed by the growth of a chemical oxide (15minutes, HCl:H2O2:H2O 1:1:5) of approximately 2nm to 
protect the surface during storage. The oxide was stripped by an HF dip (0.5minutes, HF:H2O 1:20) and 
rinsed right before (<1 minute) sample loading in the reactor. The H2 plasma treatment and a-Si:H(i) 
depositions have been subsequently performed by PECVD in an Oxford Instrument Plasmalab System 
100 reactor, without breaking the vacuum. . The exposure time to the H2 plasma has been varied in the 
range 10 - 60 seconds, while other parameters stayed constant  and equal to 60mW/cm2 (power density), 2 
Torr (pressure), 200sccm (H2 flow), 200°C (Temperature). Immediately after sample unloading, c-Si 
samples exposed to H2 plasma without deposited a-Si:H(i) were analyzed by FTIR.  
On a different series of samples, intrinsic a-Si:H(i) films of several thicknesses have been deposited 
with a H2:SiH4  ratio of 1:3 after the H2 plasma treatment. For lifetime measurements (QSSPC), a 
12.3±0.9 nm-thick film has been deposited on both sides, and Srec has been extracted subsequently. For 
FTIR a 2nm-thick film has been deposited to simulate the a-Si:H/c-Si interface with minimal influence of 
bulk a-Si:H(i). A clean (HF-terminated) reference not exposed to H2 has always been included in the 
analysis. The interval between different operations (cleaning, deposition, measurements) has been 
maintained short and constant to minimize uncontrolled variation of the results due to differences in 
sample history. FTIR Nicolet 6700 system has been used in Attenuated Total Reflectance (ATR) mode to 
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characterize the hydrogen content and bonding configuration at the a-Si:H/c-Si interface and c-Si surface. 
If not differently stated, the influence of surface re-oxidation on ex-situ FTIR measurements is kept under 
control with a comparative analysis of the oxidized modes in the region 900-1100 cm-1[8]: if similar 
oxygen absorption is registered for all spectra, measures are considered comparable and detected effects 
are attributed exclusively to the plasma treatment. 
3. Results 
In the QSSPC analysis, Srec has been extracted from eq.1 using 7ms and infinity as extreme values for 
the τbulk 
 
                                   1/ τeff   = 1/ τbulk  + 2Srec / W                                          (1) 
 
The resulting minimum error bar in Srec values is roughly 2cm/s, which is equal to or smaller than the 
variation between different samples. Fig. 1(left) shows the Srec values measured on a-Si:H(i)-passivated 
samples in function of exposure time to the H2 plasma treatment. The results show a Srec decrease until 30 
seconds and an abrupt increase for longer times: Srec drops from 6.9±1.4cm/s (reference) to 3.8±1cm/s, for 
an injection level of 1x1015 minority charge carriers/cm3. The original lifetime measurements are depicted 
in Fig.1 (right) for reference and sample subjected to 30 and 60s-long H2 plasma treatments.   
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  Srec evolution as a function of the H2plasma exposure time, calculated from eq. 1(Left). Original QSSPC measurements for 
Reference sample (Squares), 30s  (Circles) and 60s (Triangles)long H2-plasma treated  samples. (Right) 
 
The applicability of the treatment on a solar cell structure is further validated by lifetime 
measurements performed on a symmetric stack of a-Si:H(i/n+) / c-Si(n) / a-Si:H(i/n+) with and without 
plasma exposure: QSSPC analysis indicates implied Voc of 684mV (reference) and 694mV (optimum). 
Although the absolute Voc value is still low since the structure deposited was not optimized, the sole 
inclusion of the H2 plasma treatment already leads to a significant improvement of 10mV. 
In order to understand the surface changes induced on the c-Si surface by the H2 plasma-treatment, 
FTIR has been performed on three samples: 30 and 60s-long H2 plasma treated and HF-terminated c-Si 
reference wafers (without a-Si deposition). The stretching regions of the spectra are represented in Fig. 2 
for the reference sample (left) and for exposure times of 30 and 60 seconds (middle and right).The highest 
peaks have been deconvoluted with  simultaneous multiple peak fitting and attributed to different SiH 
configurations according to literature [9], allowing a maximum deviation of ±4cm-1 (instrumental 
resolution).  In the reference sample three main peaks are visible: 2132 cm-1 (surface tri-hydride SiH3), 
2109 cm-1 (surface di-hydride SiH2) and 2083cm-1 (surface mono-hydride SiH). A higher absorption is 
detected by di- and tri-hydrides, most probably indicating  a high coverage of hydrogen atoms, in line 
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with previous studies on HF-terminated c-Si surface [10]. Samples which underwent 30s-long H2 
pretreatment do not show any peak related to SiH3, while another peak appears at 2064 cm-1. We attribute 
this peak to SiH groups on unspecified surface orientation [7].  Compared to the HF-terminated sample, 
existing SiH2 and SiH peaks shifts position a few cm-1, appearing now at 2105cm-1 (SiH2) and 2086 cm-1 
(SiH). We attribute this position shift to surface reconstruction occurring during plasma exposure, further 
discussed in the next paragraph [10]. In the 60s-long H2-treated sample, no further peak shifts or area 
changes are registered. However, a shoulder appears at  2130cm-1.This feature cannot be attributed neither 
to a surface mode, because of its broadness, nor to bulk SiH3 mode, since no a-Si:H have been deposited 
[9]. Our hypothesis is the appearance of oxidized modes (HSi(SixO3-x) complex [8]) due to post-treatment 
reoxidation. This hypothesis is independently confirmed by an observation of the FTIR spectral region 
900-1100cm-1: The 60s-long spectrum shows higher absorption compared to the two others, indicating a 
higher coverage of SiOx complexes [8].  
                                                                                                                                                                       
 
 
 
 
 
 
 
Fig. 2. FTIR spectrum (stretching region) for c-Si surface exposed to HF-dip (left), 30s-long H2 plasma treatment (middle), 60s-long 
H2 plasma treatment (right). Peaks have been deconvoluted and included in the figure 
 
To extend the validity of our results, two extra samples were fabricated repeating the previous 
conditions for the reference and the 30s-long H2-treated samples, and followed by a short SiH4/H2 plasma 
(8 seconds) resulting in a 2nm-thick a-Si:H(i) film (Fig.3). In this case, the main difference between 
spectra is detected in tri-hydride and di-hydride peaks. With a 30s-long H2 plasma pretreatment, the 
decrease in tri-hydrides absorption is in line with the changes at the 2132cm-1 peak observed in Fig.2. 
This trend can be qualitatively correlated to a relative change in bonding configuration of the growing 
film, fostering lower hydrides and highlighted by the higher absorption of di-hydrides in the plasma-
treated sample of Fig. 3(right). Furthermore, a peak related to surface mono-hydride (2086 cm-1) is 
present in both cases. Deconvolution also shows a broad shoulder at 2169 cm-1. This absorption peak 
might be attributed to bulk SiH3 with a highly strained silicon-silicon backbonds, present in un-relaxed a-
Si:H(i) networks [14]. Other hypothesis are (HSi(SixO3-x) oxidized species [8] or SiH4 inclusions, unlikely 
to occur in the range of temperatures considered [11]. However, its features (i.e. width and position) 
exclude the possibility of attribution to any of the surface peaks involved in the analysis [9].   
 
 
 
 
 
 
 
 
 
Fig. 3. Stretching region of the ATR-FTIR spectra of HF-terminated c-Si ( left ) and 30s-long H2 plasma (right) after exposure to 
SiH4/H2 plasma (8 seconds). Peak deconvolution is also shown  
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4. Discussion 
In order to understand the dependency of Srec on plasma exposure time, we investigated the phenomena 
occurring during the H2 plasma treatment. During this step, several mechanisms can modify the SiHx 
(x≥1) bonding configuration on the c-Si surface. Depending on the overall equilibrium, the final surface 
state can differ significantly, thereby influencing film growth and passivation. Previous studies supported 
by Deuterium-based experiments [11] [12] outlined possible reactions during H2 treatments and, amongst 
them, the most relevant for this study are  
 
H(at)+Si-SiH3 ↔ SiH4(g)+Si-        (2) 
H(at)+Si-SiH3 ↔  SiH3(g)+SiH        (3) 
 
The predominance of one reaction upon the other is dictated by process conditions (e.g. temperature, 
pressure) [13] and prior surface coverage [10]. The non-monotone Srec trend of Fig.1 suggests that the 
plasma treatment leads to two or more competing mechanisms, resulting in an optimum at 30seconds.  
Our interpretation is divided into two parts, respectively for exposure time shorter and longer than this 
optimum: we identify a surface reconstruction occurring up to 30 seconds and defects generation for 
longer exposure times. The starting point (HF-reference) is a highly saturated  Si(100) surface, with 
presence of SiH2, SiH and SiH3 groups and possible 1x1 reconstruction [14]. We observe (fig. 2) that 
after 30seconds of H2 plasma treatment SiH3 is etched or converted to SiH and SiH2, indicating that the 
equilibrium in eqs. 2 and 3 tends towards the right-hand side [11]. Furthermore, the small peak shift 
registered in Fig. 2 suggests a possible surface reconstruction subsequent to hydrogen-induced 
reactions[15]. In our case, we consider that the 30seconds-H2 plasma treatment leads to a stable 3x1 
surface which is terminated by mono and di-hydrides, previously observed  after thermal annealing above 
300ºC [10]. This reconstruction might lead to a different a-Si:H/c-Si interface with apparently a higher 
potential for passivation, resulting in a decrease of Srec. This hypothesis is confirmed by results in Fig. 3 
where increased surface absorption of SiH2 in spite of SiH3 is shown, indicating a different relative 
coverage of hydride species [11]. To be remarked the absence of SiH peak at 2064cm-1 in the 
deconvoluted spectra of Fig 3, to be exclusively attributed to subsequent short exposure to the SiH4/H2 
plasma (a-Si:H deposition). Indeed, in the early stages of a-Si:H film growth, only a high-hydrides 
configuration is observed [16] This might also explain the missing peak at 2000cm-1, typical of SiH bulk 
modes in thick a-Si:H [10] .  
Therefore, we propose the hypothesis that a short (<30seconds) Hydrogen plasma treatment induces 
surface reconstruction, changing the interface a-Si:H / c-Si during subsequent a-Si:H deposition. 
After this optimum, the Srec trend is inversed. Although further investigation is needed, a hypothesis 
can already be considered and detailed below. As stated before, evidence in the decrease of tri-hydrides 
content implies eq. 2 and 3 to occur, with possible formation of dangling bonds. Most probably, up to 
30seconds the mechanism of surface reconstruction highlighted by peak shift compensates these defects. 
Have this optimum been overcome, surface is stabilized and the increasing number of dangling bonds 
cannot be recovered neither by other reactions during H2 plasma, nor by subsequent aSi:H deposition. The 
dangling bonds provide recombination centers that reduce the minority charge carrier lifetime. 
Furthermore, other kind of defects (surface damage) can also be introduced due to the direct geometry of 
the plasma reactor. This hypothesis needs experimental confirmation, but two supporting arguments can 
be already identified. First, the reoxidation presented in Fig.2 (right) is easier to occur on damaged 
surfaces and, secondly, the lack of peak shift between spectrum at 30 and 60seconds indicates no surface 
reorganization.   
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Conclusion 
The influence on surface passivation of an H2 plasma treatment before a-Si:H(i) deposition has been 
studied as a function of the exposure time, showing lower Srec (down to 3.8±1cm/s at 1015 carriers/cm-3), 
and a deterioration of the passivation when the exposure time exceeds an optimal value of 30s. 
Investigations on the hydride bonding configuration shows how this trend is related to the surface 
reactions activated by the H2 plasma. During the treatment, tri-hydrides SiH3 are etched or decomposed 
into SiH2 and SiH and surface is reconstructed. This leads to a different interface layer during exposure to 
SiH4/H2 plasma, more suited for passivation. The pretreatment of the cSi surface can lead to 
improvements in implied Voc of 10mV without any direct intervention in the a-Si:H deposition step. This 
study shows how correctly-tuned hydrogen plasma can better prepare a c-Si surface for thin a-Si:H 
passivation. The result is relevant for the heterojunction technology, since a lower Srec relaxes constraints 
on other factors influencing cell performance, such as layer thickness and doping [5]. Thus, the 
understanding of the a-Si:H/c-Si interface properties, partially faced in this paper, are required to afford 
excellent passivation and well-performing heterojunction cells. 
References 
[1] T. Mishima, M. Taguchi, H. Sakata, and E. Maruyama, “Development status of high-efficiency HIT solar cells,” Solar 
Energy Materials and Solar Cells, vol. 95, no. 1, pp. 18 – 21, 2011. 
[2] A. Descoeudres, L. Barraud, S. De Wolf, B. Strahm, D. Lachenal, C. Guérin, Z. Holman, F. Zicarelli, B. Demaurex, J. Seif, 
J. Holovsky, and C. Ballif, “Improved amorphous/crystalline silicon interface passivation by hydrogen plasma treatment,” Applied 
Physics Letters, vol. 99, no. 12, p. 123506, 2011. 
[3] J. Schmidt and A. G. Aberle, “Accurate method for the determination of bulk minority-carrier lifetimes   of mono- and 
multicrystalline silicon wafers,” J. Appl. Phys., vol. 81, no. 9, pp. 6186–6199, May 1997. 
[4] R. RÃ¼ther and J. Livingstone, “Hydrogenated amorphous silicon: Hydrogen content, bonding configurations and 
morphology in sputter-deposited, in-chamber annealed thin films,” Thin Solid Films, vol. 251, no. 1, pp. 30 – 35, 1994. 
[5] M. Kondo, S. De-Wolf, and H. Fujiwara, “Understanding of passivation mechanism in heterojunction c-Si solar cells,” 2008. 
[6] L. Zhao, C. L. Zhou, H. L. Li, H. W. Diao, and W. J. Wang, “Design optimization of bifacial HIT solar cells on p-type 
silicon substrates by simulation,” Solar Energy Materials and Solar Cells, vol. 92, no. 6, pp. 673 – 681, 2008. 
[7] S. J. Pearton, “Hydrogenated Amorphous Silicon, by R. A. Street, Cambridge University Press, Cambridge 1991, XIV, 417 
pp., hardcover, £ 65.00; ISBN 0-521-37156-2,” Advanced Materials, vol. 4, no. 4, p. 306–306, 1992. 
[8] T. Jana, “Low temperature silicon oxide and nitride for surface passivation of silicon solar cells,” Solar Energy Materials 
and Solar Cells, vol. 71, no. 2, pp. 197–211, 2002. 
[9] S. Lebib and P. Roca i Cabarrocas, “Effects of ion energy on the crystal size and hydrogen bonding in plasma-deposited 
nanocrystalline silicon thin films,” Journal of Applied Physics, vol. 97, no. 10, p. 104334 –104334–10, May 2005. 
[10] M. Niwano, M. Terashi, and J. Kuge, “Hydrogen adsorption and desorption on Si(100) and Si(111) surfaces investigated 
by in situ surface infrared spectroscopy,” Surface Science, vol. 420, no. 1, pp. 6 – 16, 1999. 
[11] D. C. Marra, E. A. Edelberg, R. L. Naone, and E. S. Aydil, “Silicon hydride composition of plasma-deposited 
hydrogenated amorphous and nanocrystalline silicon films and surfaces,” Journal of Vacuum Science Technology A: Vacuum, 
Surfaces, and Films, vol. 16, no. 6, pp. 3199 –3210, Nov. 1998. 
[12] C.-M. Chiang, S. M. Gates, S. S. Lee, M. Kong, and S. F. Bent, “Etching, Insertion, and Abstraction Reactions of Atomic 
Deuterium with Amorphous Silicon Hydride Films,” The Journal of Physical Chemistry B, vol. 101, no. 46, pp. 9537–9547, 1997. 
[13] Z.-H. Zhou, E. S. Aydil, R. A. Gottscho, Y. J. Chabal, and R. Reif, “Real-Time, In Situ Monitoring of Room-Temperature 
Silicon Surface Cleaning Using Hydrogen and Ammonia Plasmas,” Journal of The Electrochemical Society, vol. 140, no. 11, pp. 
3316–3321, 1993. 
418   S. N. Granata et al. /  Energy Procedia  27 ( 2012 )  412 – 418 
[14] Y. J. Chabal, G. S. Higashi, K. Raghavachari, and V. A. Burrows, “Infrared spectroscopy of Si(111) and Si(100) surfaces 
after HF treatment: Hydrogen termination and surface morphology,” Journal of Vacuum Science Technology A: Vacuum, Surfaces, 
and Films, vol. 7, no. 3, pp. 2104 –2109, May 1989. 
[15] H. Bender, S. Verhaverbeke, M. Caymax, O. Vatel, and M. M. Heyns, “Surface reconstruction of hydrogen annealed (100) 
silicon,” Journal of Applied Physics, vol. 75, no. 2, pp. 1207 –1209, Jan. 1994. 
[16] H. Fujiwara, M. Kondo, and A. Matsuda, “Stress-Induced Nucleation of Microcrystalline Silicon from Amorphous Phase,” 
Japanese Journal of Applied Physics, vol. 41, no. Part 1, No. 5A, pp. 2821–2828, 2002. 
